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MITOSIS AND THE PROCESSES
OF DIFFERENTIATION OF
MYOGENIC CELLS IN VITRO
INTRODUCTION
Segregation of related clusters of cells during de-
velopment is often accompanied by changes in the
rate of proliferation or in the number of cells en-
gaged in the division cycle within the subpopula-
tion (Wessells and Raessner, 1965; Hamburger,
1948; Graham and Morgan, 1966). Such changes
in mitotic patterns often are thought to be a result,
rather than a cause, of differentiation. Recently,
the notion that mitosis plays a crucial role in
guiding differentiation has been revived (Holtzer,
1963 ; Holtzer and Abbott, 1968) . According to
this view, the emergence of unique phenotypes is
coupled in an obligatory fashion to a series of
"critical" or "quantal" (Ishikawa, et al., 1968)
mitoses. A critical mitosis has been defined as a
mitosis yielding daughter cells with a pattern of
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ABSTRACT
The relation between the mitotic cycle and myoblast fusion has been studied in chick
skeletal muscle in vitro . The duration of the cell cycle phases was the same in both early
and late cultures . By tracing a cohort of pulse-labeled cells, it was found that myoblast
fusion does not occur in S, Gz, or M. Cell surface alterations required for fusion are de-
pendent upon the position of the cell in the division cycle . In early cultures, fusion takes
place only after a minimum delay of 5 hr from the time the cell has entered G 1. The mitosis
preceding fusion may condition the cell for the abrupt shift in synthetic activity that occurs
in the subsequent G1. In older cultures fusion of labeled cells is diminished . Two factors
account for the cessation of fusion in older cultures . First, the number of myogenic stem
cells declines, but these cells do not disappear as the cultures mature . Their persistence was
demonstrated by labeling dividing mononucleated cells in older cultures and challenging
them with nascent myotubes. Some of these labeled cells were incorporated into the forming
myotubes. Second, a block to fusion develops during myotube maturation . Well developed
myotubes challenged with labeled competent myogenic cells failed to incorporate the
labeled nuclei.
synthetic activities strikingly different from that
of the parental cell (Holtzer et al ., 1969). Intra-
cellular events surrounding a "quantal" mitosis,
in conjunction with microenvironmental cues
impinging on the dividing cell and/or nascent
daughter cells, are postulated as necessary for re-
programming successive generations of differen-
tiating cells. The obligatory requirement for
"critical" mitoses is implicit in studies of cell
lineages (Wilson, 1925 ; Kühn, 1965 ; Stossberg,
1938; Stebbins, 1967). Further circumstantial sup-
port for the pivotal role of mitosis in differentiation
comes from studies on muscle (Bischoff and
Holtzer, 1968; Ishikawa et al., 1968), cartilage
(Holtzer, 1968), nerve (Jacobson, 1968; Carlson,
1940), lens (Eisenberg and Yamada, 1966), pan-creas (Wessells, 1964), reproductive cells (Cler-
mont and Leblond, 1959), and intestinal epithelial
cells (Leblond, 1964) . Mitosis is also required for
initiating viral synthesis in RSV-infected fibro-
blasts (Temin, 1967) and for transformation by
Simian Virus 40 (Todaro and Green, 1966) .
In addition to further supporting the notion that
a particular or "critical" mitosis permits the
transition from presumptive myoblast to myo-
blast, this report presents experiments on the fol-
lowing aspects of muscle differentiation : (1) the
kinetic parameters of myogenic stem cell division ;
(2) the relation between the division cycle of stem
cells and their transformation into postmitotic
myoblasts ; and (3) factors regulating the cessation
of fusion during myotube formation.
MATERIALS AND METHODS
Monodisperse suspensions of 10- or 11-day chick
embryo breast muscle cells were prepared as de-
scribed previously (Bischoff and Holtzer, 1968 a).
Plastic Petri dishes (35 mm, Falcon Plastics, Los
Angeles) were fitted with 22-mm coverslips and
inoculated with 1 .2 ml of medium containing 5 X
105 cells per ml. Eagle's MEM was used with the
addition of 107 horse serum, 10% embryo extract,
1 % antibiotic-antimycotic solution and 0 .2 mm
L-glutamine. Embryo extract war prepared from
11-day chick embryos. All other culture reagents were
obtained from Grand Island Biological Co., Grand
Island, N.Y. Cultures were incubated at 37 .5°C
in a water-saturated atmosphere of 95% air : 5%
CO2. Medium was changed daily. Subcultures were
made from primary cultures 1-8 days of age by dis-
sociating the cells with 0.1% trypsin in calcium-
magnesium-free Simms' solution for 15-30 min .
The cells were filtered through a double thickness
of lens paper (A. H. Thomas, Philadelphia) and
diluted to give 5 X 105 cells per ml medium.
For routine histological examination, cells were
fixed in ethanol : formalin: acetic acid (20 :2: 1)
and either stained directly with hematoxylin or
hydrolyzed for 1 hr in 5 N HCI at room temperature
(Decosse and Aiello, 1966) and stained with Schiff's
reagent followed by 0.1% fast green FCF in 95%
ethanol.
Cells in the S phase of the division cycle were
marked by incorporation of thymidine-methyl-3H
(New England Nuclear, Boston, sp act 6.7 c/
mmole) for various periods of time . When cultures
were maintained beyond the labeling period, a
chase of unlabeled thymidine (0.32 mm) was found
to be necessary for preventing reutilization of label
released from dead cells.
The low levels of TdR 3H used in these experi-
ments produced no evidence of radiation effects
(pyknosis, mitotic aberrations, cell detachment, etc .)
even when the label was administered continuously
for 3 days. Cell multiplication, degree of fusion,
and myotube maturation were the same in both
labeled and unlabeled cultures. In addition, myo-
genesis was not interfered with following a 1 hr ex-
posure to much higher levels of TdR 3H (2-10 µc,
sp act 16 c/mmole) .
The unlabeled thymidine used in some experi-
ments is also a source of concern since excess thy-
midine can inhibit DNA synthesis (Cleaver, 1967) .
It was found that a concentration of 2 mm thymidine
or higher was required to produce inhibition of pro-
liferation, and no effects were noted with the 0.32
mm chase. Whitmore and Gulyas (1966) have shown
that 0.41 mm thymidine has no effect on growth of
cells in medium containing 10% horse serum.
Coverslips bearing cells were mounted on slides
and dipped in Kodak NTB3 emulsion at 45 °C, di-
luted 1 :1 with distilled water. The slides were dried
in a vertical position for about 1 hr and stored at
4'C in sealed boxes containing desiccant . After
exposure of from 1 to 8 wk, the slides were de-
veloped in Kodak D-19 at 20°C and treated for 3
min with Kodak Acid Fixer. Cells were stained with
the Feulgen technique prior to dipping or with Ehr-
lich acid hematoxylin after development of the emul-
sion.
For determination of the labeling index and mi-
totic index, at least 500 cells were counted from each
slide. The curves of the per cent labeled mitoses
represent counts of 100 mitotic figures from each of
two duplicate slides at each sacrifice period . Certain
conclusions presented below rest on the reliability
of detecting incorporation of labeled nuclei into
myotubes. Mononucleated cells often adhere to the
myotube membrane without becoming incorpor-
ated; this makes it difficult to distinguish between a
myotube nucleus and the nucleus of a mononu-
cleated cell lying above, beneath, or on the side of a
myotube. Therefore, the presence of a labeled nu-
cleus within a myotube was judged by the following
criteria. First, the labeled nucleus must lie in the
same focal plane and in line with other nuclei in the
myotube. Second, there must be no inhomogeneity
of cytoplasmic staining around the labeled nucleus .
Third, the silver grains must be uniformly distributed
over the nucleus. Radioautographic exposure was
adjusted so that the grain density did not obscure
nuclear detail.
RESULTS
The sequence of events and the histology of muscle
development under the cultural conditions em-
ployed here have been described (Okazaki and
Holtzer, 1965, 1966; Bischoff and Holtzer, 1968 a) .
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until the beginning of the 2nd day when multi-
nucleated units first appear. These nascent myo-
tubes grow and elongate rapidly as additional
mononucleated cells are incorporated into the
multinucleated units. Cell proliferation continues
throughout the culture period, but its frequency
depends on the density of the cultures . Cultures
initiated at high density permit fewer divisions
before confluence is reached. Such cultures also
appear to form fewer myotubes. For investigating
the relation between the frequency of fusion and
initial culture density, triplicate dishes were
inoculated with various numbers of cells in 1 ml
of medium. The cultures were sacrificed after
48 hr, and the percentage of nuclei within myo-
tubes was determined. The frequency of nuclei in
myotubes was greatest in those cultures initiated
at the lowest density (Fig . 1) . These results suggest
that cells that have divided in vitro have a greater
probability of fusing than do the nondividing myo-
genie cells. Concentrations below 0.25 X l05/ml
showed poor attachment and growth of cells .
The next question was whether all myotube
nuclei are derived from cells that undergo a divi-
sion cycle during the culture period. A series of
cultures was initiated at 5 X 10 5 cells per dish in
the presence of 0.3 µc/ml TdR-3H and labeled
continuously before sacrifice. Radioautographs of
48-hr cultures showed that about 24'70 of the myo-
tube nuclei had not incorporated the label before
fusing. Evidently, these cells had completed the S
phase of the division cycle when the cultures were
seeded and did not enter another round of DNA
synthesis before fusion began at the end of the I st
day. Most of the unlabeled nuclei are incorporated
during the early stages of myotube formation . At
60 hr only 14 % of the myotube nuclei are un-
labeled. In still older myotubes the percentage of
unlabeled cells drops to less than 2 17 6. The great
majority of nuclei in the older myotubes are de-
rived from cells that become labeled and divide
during the culture period .
Duration of the Cell Cycle Phases
The cell growth-division cycle has been di-
vided into four sequential phases (Howard and
Pelc, 1951) : mitosis (M), the presynthetic period
(GI), the period of DNA synthesis (S), and the
postsynthetic period (G2) . The duration of these
phases may be determined by pulse-labeling cells
in the S period with TdR- 3H and observing the
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FIGURE 1 Effect of cell density on fusion. 35-mm
dishes were inoculated with 0.25-4 X 106 cells per dish.
Cultures were sacrificed at 48 hr, and the percentage of
nuclei in myotubes was determined.
subsequent mitotic activity of the cohort of labeled
cells as a function of time (Quastler and Sherman,
1959).
A total of 70 myogenic cultures 2 and 4 days of
age were labeled for 30 min with TdR-3H (0.5
µc/ml medium) and sacrificed at 2-hr intervals
for a total of 24 hr following labeling . The label
was chased with cold thymidine. These two age
groups were chosen for comparison since in the
2-day cultures the percentage of nuclei within
myotubes is at a maximum, while in the 4-day
cultures the percentage of nuclei within myotubes
is declining owing to the continued proliferation
of nonmyogenic cells in the older cultures (Okazaki
and Holtzer, 1966).
The percentage of labeled mononucleated cells
found in the cultures sacrificed immediately after
labeling (labeling index) represents a measure of
the proportion of cells in the division cycle. The
labeling index is 22% in the 2-day cultures and
3 % in the 4-day cultures. Although division con-
tinues in older cultures, the frequency of pro-
liferating cells is reduced.
The percentage of labeled mitoses as a function
of time after labeling describes a cyclic curve
(Fig. 2). The first wave of labeled mitoses reaches
almost 100 j e and occurs at virtually the same time
in both the 2- and 4-day cultures. The second
wave of labeled mitoses is more prominent in the
2-day cultures and occurs somewhat earlier than
in the 4-day material. Dampening of the curve
during the second round of division is believed to
result from accumulation of variation in the rateFIGURE 2 Percentage of labeled mitoses in 4-day (top) and 2-day (bottom) muscle cultures sacrificed at
2-hr intervals following a 30-rain exposure to TdR- 3H. The cultures were chased with unlabeled thymi-
dine.
left the division cycle after completing the first
labeled mitosis.
The durations of the total cell cycle and of the
period of DNA synthesis were calculated directly
from the graphs according to Quastler and Sher-
man (1959) and are tabulated in Table I . The
time required to reach the mid-point of the first
ascending limb of the labeled-mitoses curve is a
measure of G2 + ?2 M. The duration of mitosis
was determined by direct observation under a
phase-contrast microscope with heated stage . The
average division time (eight cells) from nuclear
envelope breakdown to reconstruction was 45 min ;
of G2 and Gr were
TABLE I
Duration of the Cell Cycle Phases of Dividing
Cells from 2- and 4-Day Myogenic Cultures*
Duration
* The S, G1, and G2 phases were measured
labeled mitosis method, while M was
by direct observation of living cells.
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TIME IN HOURS AFTER 30-MIN EXPOSURE
TO TRITIATED THYMIDINE
by the
determined
at which individual cells traverse the cell cycle
(Mendelsohn et al., 1960; Lesher et al ., 1961). The
initial grain counts (> 100 /cell) were high enough
to preclude false negatives during the second round
of division . The reduced peak of the second mi-
totic wave may also indicate that some cells have
the durations
4 DAYS
calculated
accordingly.
Fusion during the Cell Cycle
The cells incorporating TdR-3H include both
myogenic and fibrogenic cells . Some of the labeled
myogenic cells will fuse and become incorporated
into myotubes. Nuclei in myotubes do not in-
corporated TdR- 3H and do not divide. By pulse-
labeling a cohort of cells in DNA synthesis and
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Phase 2-day 4-day
hr hr
DNA synthesis (S) 4 .3 4 .1
Presynthetic gap (G I ) 2 .0 3 .0
Postsynthetic gap (G2) 2 .4 2,5
Mitosis (M) 0 .8 0 .8
Total cycle 9,5 10 .4following the cells as they progress through the di-
vision cycle, it should be possible to determine that
phase in the cell cycle during which fusion occurs
as well as the minimum time interval between the
terminal round of DNA synthesis and fusion . Ac-
cordingly, the same radioautographs used to
measure the cell cycle were examined for the
earliest appearance of labeled nuclei within multi-
nucleated myotubes. In the 2-day cultures, no
labeled nuclei were found in myotubes in the
series sacrificed at 0, 2, 4, or 6 hr after labeling
(Fig. 3). A few labeled nuclei were incorporated
by 8 hr; their number increased with increasing
intervals between labeling and sacrifice (Figs. 4
and 5). The labeled nuclei appeared to be dis-
tributed at random along the length of the myo-
tubes with no preferential localization at the ends
or elsewhere. The incorporated nuclei did not
show any obvious tendency to occur in pairs.
Although proliferating mononucleated cells in
4-day cultures have approximately the same
generation time as do the cells in 2-day cultures,
fusion of labeled cells is greatly diminished at
4 days. No labeled nuclei could be definitely
identified as being within myotubes in the series
of cultures sacrificed between 0 and 24 hr after
labeling; however, a few labeled cells had fused in
additional cultures sacrificed at 48 and 72 hr.
Most of these labeled nuclei were found in thin
myotubes containing relatively few nuclei and not
in the broad, hypernucleated myotubes common
in older cultures.
In summary, the duration of the total cell cycle
and its component phases is similar in proliferating
cells from both 2- and 4-day myogenic cultures . In
2-day cultures, fusion of mononucleated cells
takes place after a minimum delay of 8 hr from
the preceding S phase or a minimum delay of 5 hr
from the last mitosis . Dividing myogenic cells are
rare in 4-day cultures, and those that can be de-
tected exhibit a much longer delay between DNA
synthesis and fusion.
Ageing of Myogenie Cultures
The observation that fusion of mononucleated
cells subsides in older cultures raises questions
concerning the proportion of mononucleated myo-
genic cells in the population during the terminal
stages of differentiation. First, does the population
of myoblast progenitor cells decrease as the cul-
tures age? Second, is there a point at which de-
veloping myotubes become refractory to the in-
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corporation of additional mononucleated cells?
The decline in fusion with age could be the result
of either or both of these factors . To approach
these problems, we began with the assumption
that the proportion of myogenic stem cells in de-
veloping muscle cultures could be assessed by
making subcultures at various stages of develop-
ment and noting the frequency of myotubes in the
secondary cultures. Trypsin (0.2%) was used to
disperse the primary cultures, and subcultures
were initiated with the same number of cells as
were the primaries. The fate of myotubes during
trypsinization remains unclear ; no multinucleated
cells or myotube fragments, however, are present
in the inoculum used to initiate the subcultures .
The failure of mononucleated cells from cultures
rich in myotubes to resume myogenesis upon sub-
culture (see below) suggests that if viable mono-
nucleated cells are released from myotubes, they
are unable to fuse .
Subcultures made from I- or 2-day primaries
formed myotubes with the same frequency as did
freshly isolated myogenic cells . The onset of fusion
seems to occur about 12 hr earlier in these cultures .
When 4-day cultures were trypsinized, there was
a striking drop in the number of myotubes formed
in the subcultures. The cells proliferated readily
and became densely packed after a week, but only
a few myotubes formed and these contained few
nuclei. Subcultures made from primaries older
than 4 days showed an even further drop in the
proportion of myotubes. Subcultures made from
7- or 8-day primaries formed virtually no myo-
tubes, although the cells proliferate rapidly and
reach confluence within 3-4 days. Skeins of fine
extracellular collagen often become prominent
throughout the cultures .
For confirmation of the proposition that nuclei
entering second generation myotubes are derived
from stem cells, proliferating cells in the 4-day
primary cultures were labeled by a 4-hr exposure
to TdR-3H (0.5 µc/ml) . Only mononucleated cells
become labeled under these conditions . The cul-
tures were immediately dissociated and the cells
replated in medium containing unlabeled TdR .
After 4 days of growth, when myotubes had
formed, the cultures were sacrificed . Radioauto-
graphs showed that all myotubes contained many
labeled nuclei, a finding indicating that myotubes
in second-generation cultures are formed, at least
in part, by the progeny of stem cells still present
in the primary cultures at 4 days.FIGURES 3-5 Radioautographs of cultures labeled with Tdtt-3H for 30 min on day 2 . Cultures in Figs.
4 and 5 were chased with unlabeled thymidine after labeling .
FIGURE 3 Culture sacrificed immediately after labeling. Nuclei within myotubes have not incorporated
the label. 22% of the mononucleated cells are labeled. X 380; 50-µ scale.
FIGURE 4 Myotuhe containing a labeled nucleus (arrow) from a culture sacrificed at 8 hr after labeling .
This represents the earliest time after labeling at which labeled nuclei are found within myotubes . X 800;
50-.s scale.
FIGURE 5 Myotubes from a culture sacrificed at 20 hr after labeling . Many labeled nuclei have become
incorporated into myotubes by this time (arrows) . X 640; 50-µ scale.
193FiGLHES 6-8 Radioautographs of cultures from an experiment demonstrating the persistence of myo-
genie cells in older cultures . Primary muscle cultures were labeled with TdR- 3H for 12 hr on day 8 and im-
mediately dissociated . Aliquots of 5 X 10 5 cells were either cultured alone or added to 2-day primary cul-
tures. All operations after labeling were carried out in a chase of unlabeled thymidine .
FIGURE 6 Labeled cells cultured alone for 1 day before sacrifice . Many of these cells are spindle-shaped .
X 260; 50-µ scale.
FIGURE 7 Labeled cells cultured alone for 4 days before sacrifice. No multinucleated units are found in
these cultures, although some cells are highly elongate . X 260; 50-µ scale.
FiGLRc 8 2-day primary culture sacrificed 52 hr after the addition of labeled cells derived from 8-day
primary cultures. A labeled nucleus (arrow) has become incorporated into a myotube in the 2-day culture.
X 720; 50-µ scale.
194FIGURE 9 Radioautograph of cells from 1-day cultures labeled for 15 hr with TdR- 3H, dissociated, and
added to 5-day cultures 23 hr before sacrifice . Many labeled nuclei are found within the small myotube
(single arrows), but the broad myotube with cross-striated myofibrils has not incorporated the labeled
cells. The double arrow shows a labeled inononucleated cell lying on the surface of the broad myotube . The
diameters of the small and large myotubes are indicated by brackets . X 800; 50-µ scale.
The next question was whether stem cells are
still present in older muscle cultures, the cells of
which do not form myotubes upon subculturing.
Even though these cells do not fuse among them-
selves, we thought perhaps fusion could be demon-
strated by adding the cells to rapidly fusing cells
in primary cultures. In two experiments (45 cul-
tures), fresh myogenic cells were grown for 8 days.
During the 8th day these cells were labeled for
12 hr with TdR-3H and dissociated . Aliquots of
5 X 105 cells were either cultured alone or added
to 2-day primary cultures with a chase of un-
labeled TdR. Groups of cultures from each series
were sacrificed at intervals for about a week .
Labeled cells cultured alone formed no myotubes
(Figs. 6 and 7). Radioautographs of the second
series of cultures, however, showed that many of
the labeled cells were incorporated into myotubes
developing in the 2-day primary cultures (Fig. 8) .
These findings indicate that, though myoblast
fusion has come to a halt in old cultures, there are
still presumptive myoblasts in the population
which may divide and yield additional generations
of myoblasts.
The cessation of fusion in aged cultures despite
the persistence of competent myogenic cells raises
the possibility that myotubes become refractory to
fusion at some stage of development . Consequently,
we examined the capacity of mature myotubes to
incorporate fresh mononucleated cells . As shown
earlier, myotubes in 2-day cultures readily in-
corporate labeled mononucleated cells from older
cultures. Myotubes in older cultures were chal-
lenged with freshly isolated myogenic cells labeled
with TdR-3H. In one experiment, myogenic cells
were grown in vitro for 6 hr, after which the cul-
tures were washed and labeled for 17 hr with
TdR-3H (0.25 µc/ml) . Radioautographs prepared
at this time showed that about 90% of the cells
were labeled. At the end of the labeling period,
the radioactive thymidine was washed out and re-
placed with a chase of cold thymidine . The
labeled cells were suspended with trypsin, and
5 X 105 cells in 1 ml of medium were added to
each of 16 dishes of 5-day muscle cultures. These
cultures were sacrificed at intervals up to 33 hr,
and radioautographs were prepared for observing
the fate of the labeled cells . We were particularly
interested in determining whether the cells would
be incorporated into the older ryotubes . Since
R. BISCHOFr AND IL HoLTZER Mitosis and Myogenie Cells
	
195W
o, O F
100
2 50
o
1
w
a
o
10
5
o
a
b
	l
2
	
4
	
6
	
8
	
10
	
12
HOURS AFTER THYMIDINE- 3HLABELING
FIGURE 10 Effect of cell density on the division cycle
of myogenic cells . 1-day cultures were labeled for 30
min with TdR-3H and were dissociated . Aliquots of
5 X 10 5 cells were either cultured alone or added to 4-
day muscle cultures, and the frequency of labeled mi-
toses was determined at 2-hr intervals after labeling .
a, Percentage of labeled mitoses in 1-day cells cultured
alone. Of all the labeled cells, 5% were in mitosis at 8 hr.
b, Percentage of labeled cells in mitosis in 1-day cells
added to 4-day cultures . Only labeled cells were scored
in these counts.
new myotubes are continually being formed, at
least during the first few days, it is difficult to de-
termine the age of individual myotubes . Assuming,
however, that myotube diameter is proportional
to age, we selected the broadest (20-50 s in di-
ameter) myotubes for examination . These myo-
tubes are tightly packed with cross-striated myo-
fibrils and contain many nuclei arranged in a
single or double row. We found only a few in-
stances of incorporation of labeled nuclei by the
broad myotubes. In contrast, many of the smaller
myotubes (7-15 µ diameter) were heavily popu-
lated with labeled nuclei (Fig. 9) . Cases were
found in which all the nuclei of a myotube were
labeled, indicating that these myotubes arose en-
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tirely from the added cells. The fact that labeled
cells do fuse to form smaller myotubes suggests
that inhibition of movement is not a significant
factor in their failure to become incorporated into
the large myotubes.
Once begun, completion of the cell cycle is essen-
tial for the fusion of myogenic cells . Since the
frequency of dividing cells declines in dense cul-
tures, the question arose as to whether the failure
of competent myogenic cells to fuse with old myo-
tubes resulted from inhibition of the cell cycle
(Macieira-Coelho et al ., 1966; Stoker and Rubin,
1967) in the added cells. For determining
the effect on mitosis of adding labeled cells to
dense cultures, fresh cells were cultured for
12 hr and pulse-labeled with TdR- 3H for the
final 10 min. The labeled cells (labeling index
= 22%) were dissociated with trypsin and
aliquots of 5 X 10 5 cells were either plated alone
in fresh dishes or added to each of 15 4-day cul-
tures. Duplicate cultures were sacrificed at 2-hr
intervals measured from the end of the labeling
period, and the radioautographs were scored for
the percentage of labeled mitoses and fusion of
labeled cells. As before, the great majority of fused
labeled cells were found in myotubes having a
diameter less than 15 µ. Examination of cultures
fixed during the first 10 hr showed that labeled
cells divided in both culture environments . The
peak of labeled mitoses falls at the same time re-
gardless of whether the labeled cells are cultured
alone or added to 4-day cultures (Fig. 10). The
proportion of all labeled cells in mitosis measured
at the peak of labeled mitoses should give an
approximation of the fraction of labeled cells com-
pleting the division cycle . This value is about the
same for cells cultured in both situations (Fig . 10) .
These experiments show that the failure of myo-
genic cells to fuse with well developed myotubes
does not result from an immediate mitotic block
imposed by the older cultures. Labeled cells com-
plete the division cycle in both the sparse and
dense cultures, and there is no evidence of S or G 2
arrest in the dense cultures.
When the curves of labeled mitoses from these
experiments are compared with curves obtained
from cells labeled and allowed to divide in the
original culture dish (Fig. 2), some perturbation
of the division cycle is evident since the peak falls
about 3 hr later in the trypsinized cells . Evidently,
the subculturing procedure slows the approach of
cells to division. This may reflect damage to thecells or inability to progress through the division
cycle while in suspension.
DISCUSSION
The capacity to fuse and form multinucleated myo-
tubes is a unique property of myoblasts . That fu-
sion involves cell recognition and subsequent
membrane-membrane interactions is demon-
strated by experiments in which heterologous cells
were labeled with thymidine and mixed with myo-
genic cells (Okazaki and Holtzer, 1965 ; Yaffe and
Feldman, 1965). The labeled cells were not in-
corporated into myotubes. Evidently, fusion in-
volves the formation of specific molecular configu-
rations on the surface of myoblasts and enlarging
myotubes. This developmental process may be
analogous to the acquisition of fertilizability in
developing eggs and sperm (Metz, 1967).
Earlier evidence that fusion is coupled to the
mitotic cycle is the observation that myogenic cells
in normal metaphase, or those arrested in meta-
phase, neither fused nor were incorporated into
myotubes (Bischoff and Holtzer, 1968 a) . That evi-
dence together with the experiments in this paper
makes it clear that fusion does not occur when
myogenic cells are in S, G2, M, or the early hours
of GI . The minimal time in G1 required to pre-
pare the cell surface for fusion after a given mitosis
may be calculated. In 2-day cultures, the first cells
entering mitosis should be those labeled at the end
of S. About 3 hr elapse (G2 + M) before labeled
daughter cells appear in G 1 . Fusion of labeled
cells is not detected earlier than 8 hr from the time
of labeling, or a minimum of 5 hr between the end
of the last mitosis and the completion of fusion .
Presumably, the latter part of this 5-hr period in-
volves the dissolution of contiguous membranes.
Capers (1960), using time-lapse photography, re-
ported completion of fusion within 1 hr after
contact of competent myoblasts. This leaves 4 hr
after the cell enters G1 before fusion begins.
Although it has been demonstrated that the
capacity to fuse is linked to the mitotic cycle, the
question remains as to whether fusion is an obliga-
tory or facultative event following mitosis. If
competent myogenic cells do not contact one
another within a limited time in G1, they may
re-enter S and lose the ability to fuse until the
following G1 . In this case, the capacity to fuse
waxes and wanes in a cyclical fashion with the
mitotic cycle, and only after fusion occurs is the
cell withdrawn from the mitotic cycle. Alterna-
tively, the mononucleated myogenic cells may fall
into two distinct populations: stem cells and post-
mitotic myoblasts. After a single critical division,
one or both daughter cells may repress the syn-
thesis of DNA and activate parts of the genome
required for fusion. This would be a relatively ir-
reversible change dating from one particular di-
vision. A crucial point in deciding between these
alternatives is whether suppression of DNA
synthesis takes place prior to fusion or as a conse-
quence of fusion. Two observations suggest that
following a division myoblasts withdraw from the
cell cycle before fusing . First, myoblasts destined
to fuse must spend a minimum of 5 hr in G1 before
fusion is detected ; yet those cells continuing to
divide begin DNA synthesis after only 2 hr in G 1 .
From this, it is evident that withdrawal from the
cell cycle precedes initiation of fusion. Second, as
24% of the mononucleated cells in the initial
inoculum fuse without synthesizing DNA, it is
likely that these cells have undergone the critical
division in vivo prior to growing them in vitro .
These cells would have had ample opportunity to
divide in vitro since fusion is not evident before
the end of the 1st day. That they do not suggests
that they have withdrawn from the mitotic cycle,
but must await the accumulation of a sufficient
density of competent myoblasts before fusion
begins.
The concept of a critical division implies an
abrupt shift in synthetic activities between parent
and daughter cells. In the case of myogenic cells,
within a few hours after a mitosis the following
events occur : (1) DNA synthesis is suppressed ;
(2) fusion begins; (3) thick and thin filaments ap-
pear (Ishikawa et al., 1968) ; and (4) deep tubular
invaginations of the plasmalemma herald the for-
mation of the T system (Ezerman and Ishikawa,
1967) . In view of recent studies, it is not surprising
that mitosis should play a pivotal role in permitting
expression of new synthetic activities . Mitosis is
accompanied by decreased synthesis of most
classes of macromolecules (Mazia, 1961 ; Robbins
and Scharff, 1966). Dissociation of polysomes dur-
ing mitosis has been reported (Scharff and
Robbins, 1966; Mittermayer et al., 1966). There
are extensive membrane alterations, including
breakdown of the nuclear envelope and Golgi
apparatus (Robbins and Gonatas, 1964) and loss
of adhesiveness of the plasmalemma. The cyto-
plasmic reorganization occurring during mitosis
might allow genetic reprogramming of nascent
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genome. The outcome of any given division would
depend upon the environment in which the divi-
sion occurred.
In the present study, four classes of cells are de-
fined : (1) proliferating myogenic stem cells ; these
cells may either divide and form new stem cells
(i.e. noncritical division) or following a critical
division leave the mitotic cycle and become (2)
myoblasts capable of fusing to form (3) myotubes
which initiate the synthesis of contractile proteins ;
(4) a population of nonmuscle cells that may con-
tribute extracellular elements (collagen, muco-
polysaccharides). Maturation of muscle tissue in
vitro and in vivo is accompanied by changes in
the activity and relative proportions of these
subpopulations.
The rate of flow from stem cell to myoblast com-
partment can be estimated by measuring the per-
centage of fused cells (Okasaki and Holtzer, 1966)
and by following the fusion of pulse-labeled stem
cells during subsequent culture. The data from
these two methods agree. From day 1 to day 3 the
rate of increase in myotube nuclei is at a maximum
and many labeled nuclei are incorporated into
myotubes during a relatively short time. After
day 3, the per cent of myotube nuclei begins to
decline. Correspondingly, few of the cells labeled
on day 4 fuse during a subsequent 48-hr period.
The decline in fusion in older cultures does not
result from some perturbation of the cell cycle
with ageing, since the duration of the generation
cycle and its component phases are approximately
the same in both early and late cultures .
The fate of surviving stem cells is important in
terms of the source of myogenic cells during re-
generation of mature muscle. If a small proportion
of presumptive myoblasts are preserved in adult
muscle in vivo, these would be prime candidates
for the recruitment of new myoblasts during re-
generation. It would be of interest to learn whether
the satellite cells (Ishikawa, 1966 ; Mauro, 1961 ;
Church et al., 1966) of adult muscle are in fact
presumptive myoblasts .
The failure of myoblasts to become incorporated
into older myotubes raises the question as to
whether the block to fusion resides in the myotube
membrane itself or in some extracellular deposit
such as a basement membrane or surface coat .
Formation of a myotube basement lamella can be
detected in some myotubes at about 4 days of cul-
ture (Bischoff and Ishikawa, unpublished observa-
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tions) . These well developed myotubes do not
incorporate labeled myoblasts .
In mature tissues that exhibit cell turnover,
such as the intestine, skin, and esophagus, the size
of the progenitor population remains constant . Of
the new cells produced by these populations, half
remain as stem cells and half leave the cell cycle
and become terminally differentiated (Leblond,
1964). In contrast, the gradual depletion of stem
cells during myogenesis suggests that the termi-
nally differentiated component enlarges at the
expense of the stem cell population. There are
several factors that could account for the loss of
stem cells. First, presumptive myoblasts may be
capable of only a limited number of divisions . This
is rendered unlikely by the observation that a
single myogenic cell in clonal culture yields large
quantities of muscle tissue (Konigsberg, 1963), im-
plying a greater division potential than is realized
in the mass cultures employed here . Similar con-
clusions follow from experiments in which myo-
genic cells are grown in 5-bromodeoxyuridine
(Stockdale et al., 1964; Okazaki and Holtzer,
1965). Under these conditions myotube formation
is suppressed, but presumptive myoblasts show a
remarkable capacity for self-propagation (Bischoff
and Holtzer, 1968 b).
Another possibility is that the progeny of a par-
ticular stem cell division are equivalent and their
fate is conditioned by the environment in which
the parent cell divides. In immature cultures, prior
to myotube formation, stem cell divisions may tend
to generate more stem cells, whereas in older cul-
tures the balance may favor the postmitotic myo-
blast, thus depleting the stem cell population . In
the intestinal mucosa, stem cell divisions in the
body of the crypt generate more stem cells, but
stem cell divisions at the mouth of the crypt give
rise to postmitotic cells (Leblond, 1964; Lamerton,
1965). The environmental elements of mature
muscle that suppress stem cell propagation are not
known . The observation that fresh myogenic cells
differentiate in medium from aged cultures
(Nameroff and Holtzer, 1969), however, suggests
that cell contact is involved in such postulated de-
cision-making processes attending stem cell division .
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